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Profitability of beef cattle enterprises is driven by the efficient conversion of feed to skeletal muscle growth resulting in a greater yield of saleable meat. As animal feed accounts for up to 80% of the variable costs in beef cattle production (27, 48) any improvement in energetic efficiency will result in enhanced biological and economic efficiency. In recent years, residual feed intake (RFI), defined as the difference between an animal's actual feed intake and its predicted intake, based on rate of gain and body size, has become the preferred measure of energetic efficiency for livestock (11, 40, 66) . Although significant phenotypic and genetic variation exists for energetic efficiency in cattle, knowledge of its underlying biochemical control is lacking (22, 40, 66) . Despite this, several physiological systems are likely to be important, including basal metabolic rate, cellular ATP synthesis, regulation of growth and development, and the homeostatic control of body mass (5) . Indeed, studies (11, 40) have estimated that the vast majority of interanimal differences in resting energy expenditure are likely to be associated with cellular processes including protein turnover and mitochondrial function. However, very few published studies have examined these latter processes in cattle (40, 66) despite basal metabolic rate accounting for the largest single fraction of total energy expenditure in animals (11) . Additionally, there is currently a dearth of information on whether differences in energetic efficiency are consistent across diets varying in energy density (40) .
Mitochondria are cellular organelles responsible for ϳ90% of oxygen consumption and the bulk of the ATP synthesis (64) . Furthermore, these organelles are integrated into numerous functional, metabolic, and signaling networks with other cellular compartments (42, 79) . Because of its obvious critical importance, variation in the function of this organelle is a likely candidate for any investigation of the underlying control of maintenance energy requirements (63) . Recent data have shown that, compared with inefficient (high-RFI) animals, mitochondrial respiration rate (52) , ADP control of oxidative phosphorylation (56) , and mitochondrial complex protein concentration (23) are all higher, while mitochondrially derived reactive oxygen species (ROS) production (11) , uncoupling protein 3 (UCP3; triggers mitochondrial proton leak in muscle) mRNA (76) , muscle protein carbonyl concentrations (indicative of oxidative stress with high concentrations having the potential to induce DNA mutations; Ref. 85 ) are all lower in energetically efficient (low RFI) animals. These findings are also apparently consistent across many tissue types (11) . However, despite its potential significance, there is a dearth of published information on the transcriptional regulation of ATP synthesis and mitochondrial function for the bovine.
Therefore, the objectives of the present study were to evaluate the effects of phenotypic ranking on RFI and diet type on the mRNA expression of genes 1) involved in the respiratory chain complex and 2) coding for transcription factors regulating mitochondrial biogenesis, in M. longissimus dorsi of beef cattle, with a view to identifying potential biomarkers for energetic efficiency. We have focused on skeletal muscle, not only because of its obvious central economic importance to beef production but also because it accounts for ϳ50% of body mass and in the order of 25% of basal metabolic energy expenditure (39) .
MATERIALS AND METHODS
All procedures involving animals were approved by the University College Dublin Animal Research Ethics Committee and licensed by the Irish Department of Health and Children in accordance with the European Community Directive 86/609/EC.
Animal Model
This experiment was conducted in association with a larger study designed to examine the physiological control of energetic efficiency in growing beef heifers (48) . Briefly, individual dry matter intake (DMI) and growth were recorded for 86 yearling Limousin ϫ Friesian heifers offered ad libitum access to a high-energy low-forage (LF) diet over 112 days. All animals were subsequently ranked retrospectively on phenotypic RFI, defined as the deviation of the predicted daily DMI from actual daily DMI (21) .
Ten heifers with the highest RFI (inefficient; high RFI) and 10 heifers with the lowest RFI (efficient; low RFI) during the study were selected for the current study. The average age at the start of the experiment was 338 days (SD ϭ 15), and the average weight was 321 kg (SD ϭ 64.2). Following selection, all 20 animals were reallocated to a high-forage (HF) diet and individual feed intake was recorded for a 44-day period. The experiment was therefore designed to have two main factors 1) RFI phenotype and 2) diet type.
The ingredient and chemical composition of the experimental diets is outlined in Table 1 . The LF diet was composed of pelleted concentrate and corn silage to give a 70:30 concentrate-forage ratio on a dry matter (DM) basis and was offered as a total mixed ration. The HF diet was composed of grass silage only. Both diets were offered on an ad libitum basis. Daily feed intake was measured for each animal using an electronic feed intake monitoring system (Insentec, Marknesse, The Netherlands), previously validated (48) . Total daily DMI was calculated as the sum of all meals consumed within each day corrected for DM content. Animals were weighed at 14-day intervals over both dietary phases using calibrated scales. Average daily gain (ADG) was computed as the coefficient of the linear regression of weight (kg) on time using the REG procedure of Statistical Analysis Systems (SAS Institute, Cary, NC). Midtest metabolic body weight (MBW) was estimated from the intercept and slope of the regression line after fitting a linear regression through all metabolic body weight (BW 0.75 ) observations. Average daily metabolizable energy intake (MEI) per unit of metabolic body weight was estimated using the following equation MEI ϭ [gross energy ϫ digestible energy (66a) ϫ 0.82]/MBW as previously described (30) . Feed conversion ratio (FCR) of each animal was computed as the ratio of daily DMI to ADG.
Ultrasonic Measurements
At the end of both dietary periods, each animal was ultrasonically scanned (Aquilla Vet real-time ultrasound scanner, with a 3.5-MHz transducer, Esaote Pie Medical, Pie Medical Equipment, Maastricht, The Netherlands). M. longissimus depth was measured at the third lumbar vertebra. Average fat depth was measured at three points at the third lumbar vertebra across the width of the muscle.
Blood Analytes
Blood samples were collected by jugular venipuncture at the end of each dietary phase. Concentrations of plasma IGF-I (92) and leptin (109) were analyzed using radioimmunoassay. Insulin was quantified using a fluoroimmunoassay (96) , while selected metabolites (glucose, urea, ␤-hydroxybutyrate, nonesterified fatty acids) were measured using an automated biochemical analyzer (Olympus Diagnostics, Tokyo, Japan). Extraction procedures and inter-/intra-assay coefficients of variation were presented previously (48) .
Tissue Collection and RNA Extraction and Purification
Biopsies of the M. longissimus dorsi were harvested under local anesthesia (8 ml lidocaine-5% HCl sc, Lignavet Injection; C-Vet, Leyland, Lancashire, UK) at the end of each dietary energy period. All surgical instruments used for tissue collection were sterilized and treated with RNA Zap (Ambion, Applera Ireland, Dublin, Ireland). Samples were washed with sterile PBS and stored overnight in RNAlater (Ambion, Huntingdon, UK) at 4°C and subsequently at Ϫ80°C for long-term storage and further processing. Total RNA was isolated from muscle tissue using TRIzol reagent (Sigma-Aldrich Ireland, Dublin, Ireland) and chloroform and subsequently precipitated using isopropanol. Samples were treated with RQ1 RNase-free DNase (Promega UK, Southampton, UK) and purified using the RNeasy mini kit (Qiagen, Crawley, UK). RNA quantity was determined by absorbance at 260 nm using a Nanodrop spectrophotometer (Labtech International, East Sussex, UK). RNA quality was also assessed using 18S/28S ratio and RNA integrity number on an Agilent Bioanalyser with the RNA 6000 Nano LabChip kit (Agilent Technologies Ireland, Dublin, Ireland).
Complementary DNA Synthesis
First-strand complementary (c)DNA was synthesized using the reverse transcription system according to the manufacturer's instructions (Promega UK, Southampton, UK). Total RNA (1 g) from each sample was reverse transcribed into cDNA using random hexamers. The converted cDNA was quantified by absorbance at 260 nm, diluted to 50 ng/l working stocks, and stored at Ϫ20°C for subsequent analyses.
Real-Time Quantitative Reverse Transcription PCR
As concerns about normalization to a suitable reference or housekeeping gene have increased, methods to identify genes that are stably expressed under various experimental conditions and tissues of interest have received more attention (77, 99) . To select a stable reference or housekeeper gene, analysis of putative reference genes was carried out using the geNorm version 3.4 Excel (Microsoft, Redmond, WA) add-in (99) . In this study, housekeeping genes analyzed included those for ␤-actin (4), ubiquitin (67) , glyceraldehyde phosphate dehydrogenase (14) , 18S ribosomal RNA (24) , and peptidylprolyl isomerase A (74) . The gene stability measure M that geNorm determines is defined as the average pairwise variation V of a particular gene with all other potential reference genes (99) . This measure is based on the principle that the expression ratio of two ideal control genes should be identical in all samples; thus, genes with the least M value are the most stably expressed.
Raw CT values were transformed to quantities using the comparative delta CT method where the highest relative quantity for each gene is set to 1 for input into geNorm and the M value for each gene was calculated by geNorm. A gene was considered to be sufficiently stable and thus a suitable candidate housekeeper gene, if it generated an M value less than the geNorm default threshold of 1.5. In the current study, the gene found to have exhibited the greatest stability during real-time RT-PCR of muscle mRNA samples analyzed was ␤-actin, with M values ranging from 0.10 to 0.22. GeNorm was also used to determine the optimal number of reference genes for normalization, and, based on a recommended cut-off V value of 0.15, additional reference genes would not have contributed to a more accurate normalization factor. Therefore, ␤-actin was used as a single standard reference gene for these experiments.
Primers for quantitative real-time RT-PCR (qRT-PCR) were designed to measure gene expression of 17 genes involved in mitochondrial respiratory function ( Fig. 1 ) using the Primer3 Advance software package. Primers were designed, where possible, to span two exons and were subjected to BLAST analysis (http://www.ncbi.nlm.nih. gov/) to confirm their specificity and ensure they were homologous to bovine sequences. Details of primer sets used in this study are listed in Table 2 . Primers for housekeeping and target genes were commercially synthesized (Sigma-Aldrich Ireland, Dublin, Ireland) and were first tested using end-point PCR to optimize amplification conditions. All amplified PCR products generated in this study were also sequenced (Macrogen, Nucleics Pty, Victoria, Australia) to verify their identity. In the case of all genes examined in this study, DNA sequences were 100% identical to published sequences.
Relative real-time PCR was carried out using the ABI 7500 Fast real-Time PCR System with Power SYBR Master Mix (Applied Biosystems, Warrington, UK). Reactions were carried out in a 96-well plate format and prepared in a total volume of 20 l, with 20 -100 ng cDNA, 10 l Power SYBR master mix, and 1 l of 5-20 M forward and reverse primer mix. Optimal cDNA concentration, primer effi- Electrons from NADH-linked and FADH2-linked substrate donate electrons at complexes I and II, respectively. Electrons (e-) are transferred to O2, the terminal electron acceptor, which is subsequently reduced to water. Electron flow through complexes I, III, and IV is accompanied by proton (H ϩ , dashed arrows) transfer from the mitochondrial matrix to the inner membrane space creating a proton-motive force, which drives proton back into the matrix through ATP synthase and provides the energy for ATP synthesis. 1 NADH-coQreduct, NADH dehydrogenase (COQ4) Fe-S protein 6, 13 kDa (NADH-coenzyme Q reductase); ubiquinol-cytochrome c, ubiquinol-cytochrome c reductase core protein II; ATPase, ATPase, H ϩ transporting, lysosomal, V0 subunit d1; PGC-1␣, peroxisome proliferator-activated receptor gamma, coactivator 1 alpha; PPAR-␣, peroxisome proliferator-activated receptor alpha; PPAR-␥, peroxisome proliferator-activated receptor gamma; transcription factor A, transcription factor A, mitochondrial; AMPK, protein kinase, AMP-activated, alpha 1 catalytic subunit.
ciencies, and concentrations were determined. Nontemplate controls were included on every plate for each gene product. To minimize variation, all samples included in each analysis were derived from the same cDNA batch and prepared under the same conditions, and samples were run in duplicate. Thermal cycling conditions applied to each assay consisted of an initial Taq activation step at 95°C for 15 min followed by 40 cycles of 95°C for 15 s, 60°C for 60 s, followed by an amplicon dissociation stage (95°C for 15 s, 60°C for 1 min, increasing 0.5°C/cycle until 95°C was reached). The specificity of the reaction products was also confirmed by dissociation curve analysis and gel electrophoresis. The efficiency of the qPCR reaction was calculated for each gene by creating a standard curve from twofold serial dilutions of cDNA. Only primers with PCR efficiencies between 90 and 110% were used. Gene expression results were calculated using the 2 Ϫ⌬⌬CT method (61) with ␤-actin used to normalize the data. Fold changes in gene expression between factors were determined as described (61) .
Statistical Analysis
All data were analyzed using Statistical Analysis Systems (SAS Institute, Cary, NC). Data were examined for normality and homogeneity of variance by histograms, qqplots, and formal statistical tests as part of the UNIVARIATE procedure of SAS. Data that were not normally distributed were transformed by raising the variable to the power of lambda. The appropriate lambda value was obtained by conducting a Box-Cox transformation analysis using the TRANSREG procedure in SAS. The natural logarithmic transformations of SDHD, UQCRC2, COX II, CSCS, COQ4, PPAR-␣, PPAR-␥, and NRF1 were used to normalize data distributions as preliminary analyses revealed that the distribution of their values was positively skewed. NDUFS6, ATP6D, and TFAM were transformed using a lambda value of 0.25. The transformed data were used to calculate P values. However, the corresponding least squares means and standard errors of the nontransformed data are presented in the results for clarity. A mixedmodel ANOVA (PROC MIXED) was conducted to determine the effect of RFI phenotype and diet type on the relative expression level for each gene of interest. In all analyses, the individual animal was denoted as the experimental unit, and animal within RFI phenotype was set as the error term. The statistical model included terms for RFI phenotype, diet type, and their interaction. The interaction term, if not statistically significant (P Ͼ 0.05), was subsequently excluded from the final model. The Tukey critical difference test was used to determine statistical difference between treatment means. Spearman correlation coefficients among production traits, blood analytes, and gene expression values were determined using PROC CORR of SAS.
RESULTS

Animal Performance and Physiological Measurements
The data for the performance and efficiency traits during the LF dietary phase have been reported previously (48) . Briefly, at selection during the LF dietary phase animals had an overall mean DMI of 6.74 kg of DM/day (SD ϭ 0.99), ADG of 1.51 kg/day (SD ϭ 0.13), and FCR of 4.48 kg of DMI/kg of gain (SD ϭ 0.65). RFI ranged from Ϫ1.27 to 1.87 kg of DM/day (SD ϭ 0.93), representing a mean daily difference of 3.14 kg DM in feed consumed between the most and least efficient animals. Low-RFI animals consumed 17% less feed, on average, than animals with high-RFI (6.33 Ϯ 1.01 vs. 7.62 Ϯ 1.30 kg/day), respectively (Table 3) . ADG was similar (P Ͼ 0.10) for animals with low or high RFI. Consequently, least square means for MEI, RFI, and FCR as measures of feed efficiency were consistently higher (P Ͻ 0.05) for high-RFI than for low-RFI animals. Following reallocation of animals to the HF diet, differences between RFI phenotypes were not evident (P Ͼ 0.10) for DMI or MEI (Table 3 ). Although FCR was higher (P Ͻ 0.05) for high-RFI than for low-RFI animals, consistent with the finding observed during the LF diet phase, initial BW, MWT, and final BW did not differ (P Ͼ 0.20) between the RFI groupings on either diet type.
Lumbar fat thickness measured at the end of each dietary phase (P ϭ 0.04) was greater for the high-RFI compared with their low-RFI contemporaries (Table 4) . Lumbar fat thickness was also greater (P ϭ 0.02) on LF than the HF diet. An effect for RFI grouping or diet type was not detected (P Ͼ 0.10, Table 4 ) for ultrasonically measured muscle depth. Differences in circulating plasma concentrations of IGF-I, glucose, urea, and ␤-hydroxybutyrate (BHB) were not detected between heifers with divergent RFI (Table 4 ). However, there was an RFI phenotype ϫ diet interaction (P ϭ 0.01) for nonesterified fatty acids (NEFA), whereby concentrations were greater for the high than the low RFI group on the HF diet but did not differ between groups while offered the LF diet.
Gene Expression
The effect of RFI phenotype and diet type on the expression of genes involved in mitochondrial respiratory function in muscle tissue is presented in Table 5 . Differential expression was not observed between high-and low-RFI phenotypes for genes coding for NDUFS6, SDHD, UQCRC2, or ATP6D, which are enzymes involved in the respiratory chain complex. However, a RFI phenotype ϫ diet interaction (P Ͻ 0.05) was evident for the abundance of COX II (complex IV) mRNA transcript as illustrated in Fig. 2 . This was manifested as a difference (P ϭ 0.04) between the high and low RFI groups during the LF dietary period, with a 2.1-fold greater expression level detected for the low compared with the high RFI phenotype, but COX II expression did not differ (P ϭ 0.22) between groups while consuming the HF diet. Neither animal pheno- type nor diet type affected the expression of genes coding for the electron carriers CSCS or COQ4 (P Ͼ 0.10). Although mRNA expression of UCP2 and UCP3 was detected in longissimus dorsi muscle UCP1 expression was not detected. The mRNA expression of UCP3 tended to be upregulated (2.2-fold, P ϭ 0.06) for the high-RFI compared with low-RFI animals. RFI phenotype nor diet type affected (P Ͼ 0.10) the mRNA expression for UCP2.
mRNA transcripts coding for the transcription factor PGC-1␣ were twofold higher (P Ͻ 0.01) in high-RFI compared with low-RFI animals. Expression of mRNA for the other four transcription factors, viz. PPAR-␥, PPAR-␣, NRF1, and TFAM was not different (P Ͼ 0.10) between the divergent RFI groups or the diverse dietary regimes.
A phenotype ϫ diet interaction was evident for the abundance of ANT1 mRNA transcript with greater (P ϭ 0.04) expression levels detected in the low-RFI phenotype during the HF dietary period but no difference (P ϭ 0.50) between the RFI phenotypes during the LF dietary period (Fig. 3) . No difference (P ϭ 0.89) was observed between the high-or low-RFI animals on either diet type for expression of the gene coding for the heterodymeric enzyme, PRKAA1.
Correlation Analysis
Correlation coefficients for the association between performance, feed efficiency, body composition traits, and metabolic hormones with genes involved in mitochondrial respiratory function during the LF dietary period are presented in Table 6 . Principal enzymes of the respiratory chain complex. A moderately negative relationship (r ϭ Ϫ0.62, P Ͻ 0.05) between RFI and COX II (complex IV) gene expression was detected. Muscle depth was negatively associated with the mRNA expression of SDHD of complex II (r ϭ Ϫ0.57, P ϭ 0.08) and UQCRC2 of complex III (R ϭ Ϫ0.56, P Ͻ 0.05). Negative associations were detected between SDHD (r ϭ Ϫ0.64, P Ͻ 0.05) and COX II (r ϭ Ϫ0.68, P Ͻ 0.05) gene expression with fat depth. Moderate negative correlation coefficients (P Ͻ 0.05) were observed between circulating IGF-I concentrations with gene expression levels for NDUFS6 (r ϭ Ϫ0.57, P Ͻ 0.05) and UQCRC2 (r ϭ Ϫ0.49, P ϭ 0.07). The mRNA expression of the enzyme SDHD was negatively associated with plasma concentrations of NEFA (r ϭ Ϫ0.58, P Ͻ 0.05) and tended to be positively associated with urea concentrations (r ϭ 0.50, P ϭ 0.08). Moreover, circulating BHB concentration tended to be negatively associated with COX II gene expression (r ϭ Ϫ0.49, P ϭ 0.06).
Electron carriers. Negative associations were observed between IGF-I concentrations and the mRNA expression of the electron carriers CSCS and COQ4 (r ϭ Ϫ0.58, P Ͻ 0.05). CSCS tended to be negatively correlated with plasma leptin (r ϭ Ϫ0.44, P ϭ 0.07).
UCPs. Correlations between DMI (r ϭ 0.57, P Ͻ 0.05) and RFI (r ϭ 0.52, P ϭ 0.05) with the expression of UCP3 mRNA were moderately positive. UCP2 was positively associated with subcutaneous fat depth (r ϭ 0.88, P Ͻ 0.01) and leptin concentration (r ϭ 0.30, P Ͻ 0.05). Statistical tendencies toward associations were also detected between UCP2 with DMI (r ϭ 0.56, P ϭ 0.07), insulin (r ϭ 0.55, P ϭ 0.08), glucose-insulin (r ϭ Ϫ0.55, P ϭ 0.07), and BHB (r ϭ 0.53, P ϭ 0.06).
Transcription factors. Negative (P Ͻ 0.05) correlations (ranging from r ϭ Ϫ0.64 to Ϫ0.78) were observed between PGC-1␣ gene expression and DMI, FCR, and RFI. Likewise, PPAR-␥ mRNA expression was associated with FCR (r ϭ Ϫ0.53, P Ͻ 0.05) and tended to be negatively associated with RFI (r ϭ Ϫ0.43, P ϭ 0.06) and DMI (r ϭ Ϫ0.47, P ϭ 0.07). A tendency (P ϭ 0.09) toward a negative relationship between muscle depth with PGC-1␣ (r ϭ Ϫ0.50) and PPAR-␥ (r ϭ Ϫ0.48) gene expression was observed. Moderate to strong negative correlation coefficients were detected between absolute fat depth with PGC-1␣ (r ϭ Ϫ0.70, P Ͻ 0.05) and TFAM (r ϭ Ϫ0.61, P Ͻ 0.05) mRNA expression (Table 6 ). PGC-1␣ was negatively associated with BHB (r ϭ Ϫ0.54, P Ͻ 0.05) and insulin (r ϭ Ϫ0.49, P ϭ 0.07) concentrations and tended to be positively associated with the glucose-insulin concentrations (r ϭ 0.46, P ϭ 0.08). PPAR-␣ was negatively correlated with circulating leptin (r ϭ Ϫ0.52, P Ͻ 0.05). Moreover, NRF1 expression levels demonstrated negative phenotypic associations with circulating urea concentrations (r ϭ Ϫ0.53, P Ͻ 0.05).
DISCUSSION
Animal Performance
The main aim of this experiment was to examine the effects of divergence in RFI phenotype on the expression of key genes regulating cellular oxidative phosphorylation in muscle tissue of cattle. To this end we tested two populations of animals with a 20% mean difference in MEI (48) and sequentially offered these animals two contrasting diets types differing by 46% in neutral detergent fiber (NDF) and 11% in estimated metabolizable energy concentrations. Despite a difference of almost 20% in MEI between RFI phenotypes at selection, this was not sustained when the animals were offered a grass silage diet, probably due to the well-documented poor feed intake characteristics of this feed compared with other more digestible, higher-energy diets (105) . Consequently, animals may have been prevented from fully expressing any inherent differences in appetite. This postulation is supported by that fact that a subsequent study (49) conducted with the same animals found that the repeatability of RFI across different stages of development when fed similar diets was high (r ϭ 0.62).
Skeletal muscle accounts for ϳ50% of body mass and in the order of 25% of basal metabolic energy expenditure (39) . Indeed, differences in body composition have been reported to account for between 3 and 5% of the variation in energetic efficiency (40) . We found no difference between RFI groupings in either longissimus muscle depth or growth, similar to other studies with steers, bulls, and heifers (3, 6, 69) . This, therefore, should have allowed an equitable comparison of muscle tissue metabolism between high-and low-RFI animals. However, we did observe that subcutaneous fat depth was less in heifers with low RFI across both diets, which is consistent with many other international studies (6, 70) . This may reflect an inherent partitioning of energy toward fat accretion in energetically inefficient compared with efficient animals (40) .
As part of the experimental design of the current study, animals were changed from a low to a HF diet. Typically animals in both a feral state as well as those managed under production regimes undergo fluctuations in energy intake throughout their lifecycle. However, there is a dearth of published information on the relative performance and, in particular, differential gene expression between energetically efficient and inefficient animals across varying planes of nutrition. In our study, when offered the HF diet, while still very much in positive energy balance, animals performed at only 0.33 of that achieved during the LF period. This was further evidenced by a reduction in subcutaneous fat depth and increased plasma NEFA concentrations when animal were fed the HF diet. It could be argued that this lower level of performance may have affected the interpretation of potential diet effects on the gene expression data. Despite this, however, with the exception of two genes the direction of expression differences between the two phenotypes was constant across both diets and generally consistent with the published literature for both cattle and other species.
Electron Transport Chain
Mitochondria are responsible for generating cellular energy in the form of ATP (64), accomplished through a series of electron transfers through the electron transport chain in a process termed oxidative phosphorylation. Oxidative phosphorylation plays a central role in metabolism by coupling respiration to the production of ATP. However, this coupling is not perfectly tight, and occasionally the protomotive force used to drive ATP synthesis can be uncoupled and protons can leak back into the mitochondrial matrix generating heat rather than ATP, which will reduce the efficiency of oxidative phosphorylation (7, 11) . Indeed, recent data have shown that compared with inefficient (high RFI) animals, the rate of mitochondrial respiration is increased (52), electron transport chain (ETC) coupling is improved (11), activities of complexes (I-V) are higher (44) , and heat production per kg of MBW is lower (71) in energetically efficient (low-RFI) animals.
The electron transport chain is also a recognized site of ROS production (11, 18) . Elevated ROS pose a serious threat to the cellular antioxidant defense system by increasing the susceptibility of various cellular components to oxidative damage (46) . For example, permanent modification of genetic material resulting from oxidative damage represents the first step involved in mutagenesis, carcinogenesis, and ageing (95, 97) , and links have also been identified with cardiac and metabolic diseases (47, 104) . Interestingly, poultry studies to date have consistently reported decreased ROS production and reduced protein oxidation (indicative of oxidative stress) in feed-efficient genetic lines compared with their inefficient contempories (11, 44, 45) . Oxidative stress is undoubtedly a downstream result that is a consequence of prior biochemical events (11) . Thus, a greater understanding of key upstream molecular processes (transcriptional, translational, and posttranslational events) is essential to improve our knowledge of the underlying drivers of variation in feed efficiency.
In the current study, expression of the genes coding for NDUFS6 (complex I), SDHD (complex II), and UQCRC2 (complex III) enzymes of the respiratory chain complex were not different between RFI phenotypes during either dietary period. Complexes I and III are well-known locations of O 2 and hydrogen peroxide (H 2 O 2 ) generation (72) , and site-specific defects in complexes I and III enzymes have been observed in breast muscle mitochondria from broilers with inefficient gain-feed ratio phenotypes (10) . Cytochrome c oxidase (COX II; complex IV) plays a key role in the regulation of cellular energy production (79), as it catalyzes the transfer of electrons from reduced cytochrome c to molecular oxygen and participates in the translocation of protons across the membrane. Studies have shown an increased level of protein expression of COX II, encoded by mitochondrial DNA, in broilers (45, 76) and growing cattle (85) with efficient phenotypes across several different tissues. In our study, we detected greater abundance of COX II mRNA transcript for the low compared with the high-RFI animals while maintained on the LF diet, suggesting that high-RFI animals may have superior OXPHOS efficiency. However, this was not replicated when the animals were offered the lower-energy HF diet, when all animals had reduced feed intake and animal performance. This phenotype ϫ dietary period interaction may have been mediated through a number of physiological processes. For example, 1) alterations in metabolism of end-products of fermentation due to differences in dietary substrates consumed (highstarch/low-fiber diets shift the pattern of end-products of ruminal fermentation toward greater propionate, providing readily available sources of energy for growing muscle) (37, 80) ; 2) differences in lipid metabolism (accretion vs. mobilization) (37), and subsequent adipogenic signals (83), and 3) differences in muscle metabolism during protein turnover, connective tissue remodeling, and muscle atrophy (90, 107) , which take place during periods of decreased energy intake, or indeed a combination of the above factors. Furthermore, negative associations were also detected between COX II gene expression with BHB and subcutaneous fat depth, indicating a potential link between tissue catabolism and the expression of this gene. We did not detect any difference between RFI groupings for the level of expression of ATP6D mRNA transcript, a critical regulator of the ATP-synthesizing enzyme complex or the electron carriers CSCS and COQ4 that function to shuttle electrons between the complexes of the respiratory chain (7) . In accordance with our findings, studies to date (11, 76) investigating ETC protein expression in various tissues of broilers with either LF or HF efficiency failed to reveal a consistent pattern in expression. Therefore, the expression of individual genes or proteins in the respiratory complexes is unlikely to account for the generalized reduction in ETC activities reported in muscle mitochondria of animals with poor feed efficiency (11, 52, 76) .
UCP
Located in the mitochondrial inner membrane, UCP are a heterogeneous family of proteins that have a large variety of putative functions, including control of ATP synthesis, regulation of fatty acid metabolism or control of ROS production (28, 57) though their exact physiological role remains elusive. While UCP1 is uniquely present in mitochondria of brown adipocytes (87), UCP2 is ubiquitously expressed in the body (32), whereas UCP3 is primarily expressed in skeletal muscle (9) . This concurs with our findings where mRNA expression of UCP2 and UCP3 was detected in longissimus dorsi muscle of cattle but UCP1 was not. In a study conducted with Angus steers fed a high grain diet, no associations between RFI and expression levels of either UCP2 or UCP3 were detected from muscle tissue at either a transcriptional or proteome level (53) . In agreement with this latter study, we too found that RFI phenotype had no effect on UCP2 gene expression. However, in contrast to the findings of Kolath et al. (53) we observed a tendency for UCP3 mRNA levels to be higher in muscle of high-RFI (inefficient) animals. Similarly, other studies (76, 82) reported higher mRNA expression of avian UCP in feedinefficient broilers compared with their efficient counterparts. Published evidence (12, 13, 54) indicates that increased expression of UCP3 functions in protecting the cell against oxidative damage from elevated reactive oxygen species and lipotoxicity rather than an uncoupling role to promote gross thermogenesis. In fact, in vitro findings suggest that products of ROS metabolism such as superoxides and perhaps fatty acids could function as activators of UCP3 (29) , thereby providing a negative feedback loop between ROS production, lipid peroxidation, and mitochondrial uncoupling induced by UCP3. Furthermore, the positive association between DMI and UCP3 suggests greater food consumption with the overexpression of UCP 3, possibly due to a greater metabolic rate and heat production, similar to results observed for rodents (19) . UCP also have a proposed role in lipid metabolism, with UCP2 suggested to be a putative regulator of insulin secretion and UCP3 involved in fatty acid metabolism (13) . Additionally, a common G/A single SNP in the promoter region of bovine UCP2 was shown to be associated with enhanced adipose tissue and decreased lean meat yield (89) . In agreement, with these later findings we found positive correlations between UCP2 with subcutaneous fat depth, and metabolic indicators of tissue anabolism such as leptin, insulin, and BHB concentrations. These findings are thus consistent with the proposed lipogenic functions of this gene (31) .
Transcription Factors
Energy production through oxidative phosphorylation requires intricate transcriptional coordination between the nuclear and mitochondrial genomes. Coordination of gene expression is achieved through a number of transcriptional regulators that regulate suites of genes: nuclear respiratory factor 1 (NRF1), the peroxisome proliferator activated-receptors (PPARs) and the PPAR␥ coactivator-1 (PGC-1) family (34, 50, 86) . This coordination is paramount to ensure that oxidative capacity is adjusted to meet the fluctuations in energy demands of a cell or tissue. Transcription factors also have a crucial function in promoting mitochondrial biogenesis (41) . This is of particular importance given that a recent comparative analysis of skeletal muscle structure revealed that many livestock species (including cattle) have mitochondria volume fractions 37% lower, on average, than nonlivestock species of equivalent size (43) .
PGC-1␣ is considered to be a master regulator of oxidative capacity, controlling mitochondrial proliferation and lipid metabolism (100, 106, 108) . Unlike most coactivators, PGC-1␣ expression is tissue specific and enriched in highly oxidative tissues such as muscle, liver, and brown adipose tissue (81) . Increased mRNA expression of PGC-1␣ in adipose tissue of mice with higher feed-gain ratio has been reported (68) . In contrast, other authors (76) have failed to observe any difference in expression of avian PGC-1␣ mRNA in duodenal or breast muscle between broilers with divergent phenotypes for gain-feed ratio. In the present study, PGC-1␣ mRNA expression was higher in the muscle of low-RFI compared with high-RFI animals and statistically significant negative associations with DMI, RFI, and FCR were detected. Increased expression of PGC-1␣ in many cell types has been reported to induce mitochondrial biogenesis and enhance respiration (2, 15, 60) . Decreased mitochondrial gene expression and defects in thermogenesis and cardiac performance have been observed in PGC-1␣ and PGC-1␤ null or hypomorph mice (59, 91, 101) . Additionally, PGC-1␣ is required for the induction of several important ROS-detoxifying enzymes (93) , and recent reports (55, 93, 98) indicate a higher detoxification capacity in PGC-1␣-expressing cells, which may help prevent mitochondria dysfunction by reducing ROS accumulation.
In mammalian systems PGC1-␣ is also associated with the regulation of fatty acid oxidation as it acts as a key upstream regulator of both lipid catabolism and homeostasis (58, 62) . Lipid uptake and metabolism provide substrates for mitochondrial oxidation and are thereby intimately related to mitochondrial function (41) . In our study, we observed negative associations between PGC-1␣ with ultrasonic fat depth and circulating insulin and BHB concentrations.
PPAR appear to play a prominent role in shifting metabolism toward the use of lipid as a fuel source (25, 65, 94) . PPAR-␥ is the dominant regulator of the expression of genes encoding proteins essential for adipogenesis (and thus storage), whereas PPAR-␣ is involved more in fatty acid catabolism (51, 84) . In the present study there were no differences between the RFI phenotypes for muscle PPAR-␣ mRNA expression, although PPAR-␥ was negatively associated with FCR (r ϭ Ϫ0.53) and also tended to be negatively associated with RFI and DMI. In agreement, expression of PPAR-␥ mRNA in duodenal tissue was found to be higher in broilers with high compared with low gain feed phenotypes, though this difference was not observed in breast muscle (76) . Studies (73, 103) have postulated that PPAR may have a vital role to play in reducing hypoxia-related lipid damage through their induction of UCPs, thus improving functional longevity by suppressing ROS production (and reducing the potential for lipotoxicity). In the current study mRNA expression for PPAR-␣ was moderately associated (r ϭ 0.40, P Ͻ 0.05) with UCP3 possibly supporting the hypothesis that these genes are involved in controlling the body's response to increased fatty acid oxidation (102) . In contrast, however, there are also reports of PPAR-␥ ligands increasing ROS especially in cancer cells, which lead to apoptosis and mitochondrial dysfunction (17, 78) . Further research is required to determine if the PPAR transcriptional regulators are involved in the genetic and biological mechanisms controlling feed intake and the phenotypic expression of feed efficiency.
NRF1 and TFAM are transcriptional regulators that play a key role in upregulating the expression of nuclear and mitochondrial genes that encode mitochondrial proteins necessary for mitochondrial biogenesis and oxidative metabolism (1, 68) . Altered expression of these factors affect mitochondrial biogenesis activity (35, 41) . In the current study, the mRNA expression of NRF1 and TFAM were not different between the divergent RFI groups. This is surprising given the effect of RFI phenotype on PGC-1␣, which we observed, and it is known that PGC-1␣ can modulate the transcription of NRF1 (41) consistent with our own findings (r ϭ 0.48, P ϭ 0.08).
Adenine Nucleotide Translocator and Adenosine Monophosphate-activated Protein Kinase
In eukaryotic cells, ATP synthesis is linked to the kinetics of ADP uptake to the mitochondria. The adenine nucleotide translocator (ANT) catalyzes the exchange of intramitochondrial ATP for cytoplasmic ADP and, consequently, controls the ATP supply of the cell (8) . Mammalian ANT has three isoforms: ANT1, ANT2, and ANT3. The ANT1 isoform is mainly expressed in tissues with restricted mitotic regeneration but high energy demand, such as heart, skeletal muscle, and brain (26) . ANT1 acts, not only as a transporter for energy-rich phosphates, but also a vital mitochondrial regulator of intracellular processes (88) . Indeed, decreased mitochondrial function was observed in ANT1 knockout mice resulting from increased mitochondrial oxidative stress consistent with elevated H 2 O 2 production, increased formation of mitochondrial DNA mutations, and an activated detoxification enzyme system (36) . In the present study, a phenotype ϫ diet interaction was evident for ANT1 with greater expression levels detected in the low RFI phenotypes while the HF but not the LF diet was fed. Sandelin et al. (85) also observed greater ANT1 protein expression in neck muscle tissue obtained from steers from a feed efficient (gain-feed) phenotype. Similarly, breast muscle avian ANT mRNA levels were lower in feed inefficient broilers (76) . These results could imply that feed-efficient animals produce and exchange ATP at a greater rate than their inefficient counterparts. Alternatively, in breast muscle, greater ANT1 protein expression has been observed from birds with inefficient gain-feed ratio phenotypes (45) , and avian ANT mRNA levels in the duodenum were not different between efficient or inefficient birds (76) , concurring with previous reports on ANT1 protein expression in the duodenum (75) and liver (44) . These inconsistencies along with the interaction observed in the present study, highlight the variation associated with ANT1 expression on both an mRNA and protein level, and possibly are a consequence of various tissue specific metabolic situations.
Adenosine monophosphate-activated protein kinase (AMPK) is a heterodymeric enzyme that plays a key role in sensing cellular energy (AMP/ATP) levels, maintaining intracellular energy homeostasis ("fuel gauge") and regulating energy balance and food intake (16, 38) . Because of its central role in regulating fuel and energy partitioning it should be a likely target for scientific investigation. However, despite its putative importance, we failed to observe an effect of either RFI phenotype or diet on the mRNA expression level of this gene.
In conclusion, this study provides evidence of an association between mitochondrial biogenesis and energetic efficiency in cattle. For example, alterations in the expression of UCP3 and the transcriptional regulators PGC1-␣ and PPAR-␥ may provide potential indicators for genetic variation in feed efficiency. Further investigation is warranted to determine if these results can be exploited as potential molecular markers for energetic efficiency in cattle. Additionally, the study provides some evidence that diet type may modulate the effect of RFI phenotype on the expression of key genes underlying mitochondrial function. However, some caution should be taken in the interpretation of the dietary effects per se, given the apparent differences in lipid metabolism between the two dietary periods. The repeatability of the RFI phenotype as well as the expression of key regulatory genes across differing dietary regimes, physiological conditions and stages of development merits further study. 
